We report the mapping, sequencing, and study of the physiological role of the fourth arabinose-inducible operon from Escherichia coli, araJ. It is located at 9 min on the chromosome and codes for a single 42-kDa protein that shows no significant homology to other known proteins. Destruction of the chromosomal araJ gene does not detectably affect either of the two arabinose transport systems, the ability of cells to grow The enteric bacterium Escherichia coli can utilize L-arabinose as a sole carbon source. In the presence of arabinose, expression from the three known ara operons is induced up to 300-fold. These are the araBAD operon (5, 6), which codes for proteins involved in the catabolism of arabinose, and the araE (27) and araFGH (2, 17, 31) operons, which code for the low-and high-affinity arabinose transport systems, respectively: In addition to the promoters of these three well-characterized operons, there exists a fourth promoter in E. coli that is induced by arabinose. This promoter was originally cloned by Kosiba and Schleif (18) and at that time was misidentified as the araFGH promoter. Subsequent work (11, 13) has identified the actual araFGH promoter, and the arabinose-inducible promoter cloned by Kosiba and Schleif (18) is now known as pJ. Recent work (11, 18) has shown that arabinose induces substantial transcription from pJ in vivo and in vitro. In vivo, as well as in vitro (11, 18) , transcription from pJ is dependent upon the arabinosespecific transcriptional regulator protein AraC and the global catabolite gene activator protein CAP, as is transcription from the araBAD, araE, and araFGH operons (7, 8, 32) .
The enteric bacterium Escherichia coli can utilize L-arabinose as a sole carbon source. In the presence of arabinose, expression from the three known ara operons is induced up to 300-fold. These are the araBAD operon (5, 6) , which codes for proteins involved in the catabolism of arabinose, and the araE (27) and araFGH (2, 17, 31) operons, which code for the low-and high-affinity arabinose transport systems, respectively: In addition to the promoters of these three well-characterized operons, there exists a fourth promoter in E. coli that is induced by arabinose. This promoter was originally cloned by Kosiba and Schleif (18) and at that time was misidentified as the araFGH promoter. Subsequent work (11, 13) has identified the actual araFGH promoter, and the arabinose-inducible promoter cloned by Kosiba and Schleif (18) is now known as pJ. Recent work (11, 18) has shown that arabinose induces substantial transcription from pJ in vivo and in vitro. In vivo, as well as in vitro (11, 18) , transcription from pJ is dependent upon the arabinosespecific transcriptional regulator protein AraC and the global catabolite gene activator protein CAP, as is transcription from the araBAD, araE, and araFGH operons (7, 8, 32) .
Since all known ara mutations are confined to the araBAD, araC, araE, and araFGH operons, we were interested to learn whether pJ drives an intact gene and whether its product plays any detectable role in vivo. In particular, we wished to determine whether the araJ product was a fourth component in the high-affinity arabinose transport system, since most analogous systems contain four protein components (1, 34) .
Here we report the mapping of the araJ gene to 9 min on the E. coli chromosome and the cloning and sequencing of the araJ gene and surrounding regions of the chromosome. We also show that insertion/deletion mutations in araJ have no detectable effect on the ability of the bacteria to grow on arabinose and to induce the araBAD operon.
MATERIALS AND METHODS
Media, strains, and general methods. Media and general methods have been described (21, 33) . Arabinose isomerase * Corresponding author. assays were performed as described previously (33) . Restriction and modifying enzymes were from New England Biolabs or Boehringer Mannheim. All DNA sequencing was performed with the dideoxyribonucleotide chain termination method (30) by using the Sequenase kit (37) Kosiba and Schleif (18) containing the araJ promoter. Three positive clones were selected and shown by restriction mapping to contain overlapping copies of the same piece of genomic DNA; these three clones were sent to us for further analysis.
One of the lambda clones was digested with PvuI, and the 1.9-and 2.5-kb fragments that contained pJ and flanking sequences were isolated. The fragments were filled out with DNA polymerase (Klenow fragment) and then ligated into the SmaI site in the polylinker region of pUC19. The 1.9-kb clone was digested at the EcoRI and HindIll sites present on the polylinker and cloned into pES51 (15) , which contains the M13 origin of replication. To speed sequencing, the 2.5-kb clone was further divided by cutting at an internal EcoRI site as well as the flanking EcoRI site in the polylinker; the resulting 1.0-and 1.5-kb fragments were then ligated into the EcoRI site in pES51. Both strands of the cloned DNA were sequenced by using synthetic oligodeoxyribonucleotides as primers. Sequences at the junctions of the subclones were confirmed by using an asymmetric polymerase chain reaction to generate singlestranded DNA from chromosomal DNA and then by using the single-stranded DNA as a template for Sequenase (9) .
DNA and protein sequence homology searches were conducted with the FASTA program (28) at a ktup of 2. The data bases searched included GenBank, GenPept, and Swiss-Prot (November 1990).
Construction of a AaraJ::Kanr strain. We used a gene replacement method (10) to create strain TRAJ7, which has the kanamycin resistance gene inserted into the middle of the araJ gene along with a deletion of the central portion of the araJ gene.
The polymerase chain reaction was used to generate two fragments of the araJ gene (Fig. 1) . Each of the four primers used in the two polymerase chain reactions had a restriction site built into its 5' terminus. The first fragment spanned from -158 to +454 (with respect to the araJ transcriptional start site) and had a KpnI site at the 5' end and a BamHI site at the 3' end. The second fragment spanned from +622 to + 1257 (i.e., to the end of the araJ open reading frame [ORF] ) and had a BamHI site at the 5' end and a HindIII site at the 3' end. These two fragments were sequentially cloned into the polylinker region of pMAK705 (a gift of Sidney Kushner, University of Georgia), which has a temperaturesensitive replicon and carries the chloramphenicol resistance gene. The kanamycin resistance gene from pUC-4K (Pharmacia) was then cloned into the BamHI site separating the two fragments of the araJ gene to give plasmid pJKJ. Strain CW2549 (araE201) was transformed with pJKJ and plated at the restrictive temperature of 44°C. Colonies that were Kanr Chl' had undergone a recombination event between the plasmid and the host chromosome to generate a cointegrate.
The frequency of this recombination event was 1.5 x 10', very close to the expected frequency of 2.0 x 10-4 for recombination between these lengths of homologous DNA (10) .
To resolve the cointegrates, single colonies were picked and grown for two cycles in YT (33) plus kanamycin (100 ,ug/ml) at 30°C and then for one more cycle in YT plus kanamycin at 44°C before being plated onto kanamycin plates. Of 88 colonies spot tested, 8 were Kanr ChlS at 30°C, indicating that the plasmid along with the wild-type araJ gene had been excised from the chromosome by a second recombination event and eventually lost from the cell.
To verify that these colonies had undergone gene replacement, we used the polymerase chain reaction directly on colonies (29) . The primers (generally 20-mers) were used at a concentration of approximately 7 x 10-7 M (-100 ng per 25 ,ul of reaction mixture), and the hybridization temperature was set at 63°C. By using various sets of primers and control DNA, we confirmed that the chromosomal araJ gene had indeed been replaced with the larger AaraJ::Kanr insertion and that the plasmid and wild-type araJ gene had been lost from the cell (data not shown).
Nucleotide sequence accession number. All nucleotide and protein sequences have been deposited in GenBank under the accession number M64787.
RESULTS AND DISCUSSION
Chromosomal mapping of araj. The 735-bp fragment containing the araJ promoter cloned by Kosiba and Schleif (18) hybridized to a single band in each of the chromosomal digests on the Southern transfer supplied by Cassandra Smith (35) . Analysis of the hybridized band pattern by C. Smith located pJ to approximately 10 min on the E. coli chromosome. To locate araJ more precisely, we sent the restriction map of our entire 4.4-kb clone to Yugi Kohara at Nagoya University, who has published a restriction map of the whole E. coli chromosome (16) . His analysis revealed two PvuI restriction sites overlooked in his original mapping of the genome and definitively located our 4.4-kb clone at 9 min on the E. coli chromosome. This is between aroC and phoB on the genetic map, at 423 kb from the origin, overlapping clones 9G9 and 6A12 on the Kohara map.
AraJ sequence. Figure 2 shows the organization and location of our clones and ORFs. Figure 3 shows the nucleotide sequence of the araJ promoter and transcript as well as the deduced protein sequence of AraJ. Beginning with the second ATG after transcriptional initiation is a single ORF of 395 codons coding for a protein with a potential molecular size of 41,898 Da. The putative AraJ protein is hydrophobic over the major part of its sequence, as shown by the hydropathicity plot (20) in Fig. 4 . The only regions in AraJ that show extended hydrophilicity are between residues 178 and 197 and at the carboxyl terminus. The hydrophobicity profile of AraJ is unlike those of the other arabinose-induced proteins and is given here because it can provide a useful fingerprint for identifying related proteins (34) . Searches of both the DNA and protein data bases containing prokaryotic and eukaryotic sequences failed to detect any sequences with significant homology to AraJ or its coding DNA sequence.
The amino terminus of AraJ contains several features that are consistent with this region serving as a signal peptide. These include two positively charged residues (lysines) within the first five amino acids and a stretch of 15 amino acids between the last lysine and the next charged residue exceptions to this hydrophobicity are serine, threonine, and glycine residues, and these are located in positions commonly occupied by these residues in the hydrophobic domain of signal peptides (4 (Fig. 2 and 3 ). When translated, this upstream ORF is identical to the carboxyl-terminal 671 amino acids of the 1,048 amino acids of SbcC, as reported by Naom et al. (24) . Thus, sbcC, whose complete sequence encodes 1,048 amino acids, lies immediately upstream of araJ on the E. coli chromosome.
While trying to determine the identity of the upstream SbcC sequence, which was not in the GenPept (28) data base we initially used, we noticed that the amino acid sequence possesses a strong pattern of hydrophobic amino acids, 480 residues long, spaced alternatively three and then four amino acid residues apart. This pattern of hydrophobicity, which is called the heptapeptide repeat, is characteristic of a coiledcoil alpha-helix structure. Such structures are prominent in myosin, tropomyosin, and paramyosin; indeed, the protein with the highest homology to SbcC is myosin. This property of SbcC had not been noticed before, perhaps because its sequence had been compared only with those of prokaryotic proteins.
The extended coiled-coil structure plus the fact that SbcC may also contain a nucleotide binding site (24, 38) (Fig. 3) . They are homologous to the consensus sequence (36) ; of a total of 132 bases in the four REPs, only 3 do not fit the consensus. At positions where multiple bases are allowed by the consensus, the first and third REPs are identical to each other, as are the inverted (second and fourth) REPs.
The four REPs lie between the termination codons for two divergently transcribed genes, araJ and the downstream ORF (Fig. 3) . We were interested in whether transcriptional termination from araJ occurred within the REPs, since REPs have the potential to form extensive stem-loop structures and have been shown to affect mRNA stability (25) . Our attempts at mapping the transcriptional termination site of araJ by using Si nuclease failed. The fact that four REPs lie immediately downstream of our araJ ORF gives strong support that our araJ ORF is in the correct reading frame and does not end prematurely. If the REPs are indeed part of the araJ transcript, they may form structures incompatible with the Si mapping technique. Downstream sequences. We also sequenced another 810 bp past the last 3' REP. We found an additional ORF of note; it is oppositely oriented to araJ, is 261 amino acids in length, and terminates at 25 bp before the end of the fourth REP ( Fig. 2 and 3) . Searches of the protein data bases with the deduced protein sequence of this downstream ORF revealed significant homology with only one protein, namely, the XylR protein of Bacillus subtilis, which is involved in regulation of the xylose operon (19 (11) and that this transcription is regulated by CAP and AraC (11, 18) are, however, consistent with araJ actually being translated and serving some purpose in the arabinose metabolism of E. coli. Furthermore, if araJ had been without physiological value for an extended period of evolutionary time, we would expect it to have acquired nonsense mutations, terminating translation well before the REPs.
Here we show that araJ is not a necessary component of either the low-affinity (araE) or the high-affinity (araFGH) arabinose transport systems. We also show that araJ is not involved in the regulation of arabinose-responsive genes under normal laboratory conditions.
To test whether araJ was necessary for the function of either arabinose transport system, we utilized the fact that cells deficient in none, one, or both of the arabinose transport systems grow at very different rates on arabinoseminimal plates.
We constructed isogenic strains (Table 1 ) differing only in their araE, araF, and/or araJ genes. Figure 5 shows these strains spot tested onto minimal plates (33) supplemented with thiamine (0.01 mg/ml) and arabinose (0.2%, vol/vol) and grown for 48 h at 37°C. If AraJ were necessary for AraE function, the AraJ-strain and the AraE-strain would possess similar growth rates. Experimentally, however, the AraJ-strain grows at the same rate as the wild-type strain while the AraE-strain grows substantially slower. Thus, araJ is not a necessary component of the low-afflinity (araE) arabinose transport system. If araJ were a necessary component of the high-affinity arabinose transport system, the strain deficient in both AraE and AraJ would grow at a similar rate as the AraE-AraFstrain. In fact, the AraE-and AraE-AraJ-strains grew at similar rates, whereas the AraE-AraF-strain showed no detectable growth. Hence, araJ is not a necessary component of the high-affinity (araFGH) arabinose transport system.
The fact that araJ is not a necessary component of the low-affinity arabinose transport system was not surprising, since all low-affinity mutants have mapped to only the araE locus. Originally, in 1988, we had thought that araJ might be a component of the arabinose high-affinity transport system, on the basis that at that time all known high-affinity transport systems appeared to possess four components (1, 13) , while only three were known for the arabinose system, the products of the araFGH operon (34) .
Subsequent work (14) indicates that the araFGH gene FIG. 3 . Summary of sequence and footprinting (11) data. The DNA sequence is numbered relative to the araJ transcriptional start site. The carboxyl-terminal 191 amino acids of SbcC and the entire deduced protein sequence of AraJ are shown. The four repetitive extragenic elements after araJ are identified by small arrows. The termination codon of the downstream ORF is boxed. The EcoRI and PvuI sites used in the cloning of araJ are shown enclosed in ovals. The original araJ promoter cloned by Kosiba and Schleif spanned the region from the EcoRI site at -570 to the EcoRI (star) site at +160. Regions on the araJ promoter that were protected from DNase I digestion by AraC are shown in thick boxes; regions similarly protected by CAP are shown in thin boxes (11 
